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The Gamow-Teller resonances (GTR) and isobaric analog states (IAS) of a sequence of even-even Sn
target nuclei are calculated by using the framework of the relativistic Hartree-Bogoliubov model plus
proton-neutron quasiparticle random-phase approximation. The calculation reproduces the experimen-
tal data on ground-state properties, as well as the excitation energies of the isovector excitations. It is
shown that the isotopic dependence of the energy spacings between the GTR and IAS provides direct
information on the evolution of neutron-skin thickness along the Sn isotopic chain. A new method is
suggested for determining the difference between the radii of the neutron and proton density
distributions along an isotopic chain, based on measurement of the excitation energies of the GTR

relative to the TAS.
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The determination of neutron density distributions in
nuclei provides not only basic nuclear structure informa-
tion, but it also places important additional constraints on
effective interactions used in nuclear models. Various
experimental methods have been used, or suggested, for
the determination of the neutron density and differences
between radii of the neutron and proton distributions
[1-4], but no existing measurement of neutron densities
or radii has an established accuracy of 1% [5].

Potentially, a very accurate and model independent
experimental method for the determination of neutron
densities is the elastic scattering of longitudinally polar-
ized electrons on nuclei. The electron interacts with a
nucleus by exchanging either a photon or a Z° boson.
Parity violation arises from the interference of electro-
magnetic and weak neutral amplitudes. The parity-
violating asymmetry parameter, defined as the difference
between cross sections for the scattering of right- and
left-handed longitudinally polarized electrons, provides
direct information on the Fourier transform of the
neutron density [6]. A recent extensive analysis of pos-
sible parity-violating measurements of neutron densities
and their theoretical interpretation can be found in
Refs. [5,7,8]. Neutron density measurements will be also
crucial for the analysis of atomic parity-violating (APV)
experiments [5,9-11]. Measurements of parity noncon-
servation effects in intermediate and heavy atomic sys-
tems might provide very stringent tests of the standard
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model of electroweak interactions. At the present level of
APV experimental precision, the dominant inaccuracy in
the interpretation of the data is associated with atomic
theory uncertainties in the electron density at the nucleus.
These uncertainties could be considerably reduced by
measuring APV observables for different atoms along an
isotopic chain. Experiments involving isotope ratios,
however, will be very sensitive to changes in the neutron
density distribution along the isotopic chain. For APV
experiments it would be very important to determine
with high accuracy ( = 1%) the neutron spatial distribu-
tion for a sequence of isotopes [11].

Krasznahorkay et al. have used the excitation of the
giant dipole resonance [2] and the excitation of the spin-
dipole resonance (SDR) [4] to extract the neutron-skin
thickness of nuclei. In Ref. [4], in particular, it has been
demonstrated that there is a predictable correlation be-
tween the SDR cross section and the difference between
the rms radii of the neutron and proton density distribu-
tions. By normalizing the results in the case of '?°Sn, data
on neutron-skin thickness along the stable Sn isotopic
chain were obtained, in good agreement with theoretical
predictions.

In this Letter we suggest a new method for determining
the difference between the radii of the neutron and proton
density distributions along an isotopic chain, based on
measurement of the excitation energies of the Gamow-
Teller resonances relative to the isobaric analog states.
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Nucleons with spin-up and spin-down can oscillate
either in phase (spin scalar S = 0 mode) or out of phase
(spin vector S = 1 mode). The spin vector, or spin-flip
excitations can be of isoscalar (S = 1, T = 0) or isovector
(S =1,T = 1) nature. These collective modes provide
direct information on the spin and spin-isospin depen-
dence of the effective nuclear interaction (for an extensive
review, see Ref. [12]). Especially interesting is the col-
lective spin-isospin oscillation with the excess neutrons
coherently changing the direction of their spins and iso-
spins without changing their orbital motion—the
Gamow-Teller resonance (GTR) J” = 1", The simplest
charge-exchange excitation mode, however, does not re-
quire the spin-flip (i.e., S = 0) and corresponds to the
well-known isobaric analog state (IAS) J™ = 0". The
spin-isospin characteristics of the GTR and the IAS are
related through the Wigner supermultiplet scheme. The
Wigner SU(4) symmetry implies the degeneracy of the
GTR and IAS, and furthermore the resonances would
completely exhaust the corresponding sum rules [13].
The Wigner SU(4) symmetry is, however, broken by the
spin-orbit term of the effective nuclear potential. In
Ref. [13] it was noted that the energy difference between
the GTR and the IAS decreases with increasing asymme-
try (N — Z)/A.

It is implicit, therefore, that the energy difference
between the GTR and the IAS reflects the magnitude of
the effective spin-orbit potential. In the framework of
relativistic mean-field (RMF) theory the spin-orbit term
of the effective single-nucleon potential displays a strong
isospin dependence: the magnitude of the spin-orbit po-
tential is considerably reduced in neutron-rich nuclei
[14]. This results in a reduction of the energy splittings
between spin-orbit partner states. In Ref. [15] the relativ-
istic Hartree-Bogoliubov (RHB) model was applied in
the description of ground-state properties of Ni and Sn
isotopes. The NL3 parameter set [16] was used for the
effective mean-field Lagrangian, and pairing correlations
were described by the pairing part of the finite range
Gogny interaction DI1S [17]. Fully self-consistent RHB
solutions were calculated for the Ni (28 = N = 50) and
Sn (50 = N = 82) isotopes. The resulting binding ener-
gies, neutron separation energies, and proton and neutron
rms radii were found in excellent agreement with avail-
able experimental data. With the increase of the number of
neutrons, the theory predicts a strong reduction of the
spin-orbit potential (up to = 30% in the surface region).
The location of the minimum of the spin-orbit potential
is also shifted outwards, and this is reflected in the larger
spatial extension of the scalar and vector densities, which
become very diffuse on the surface. The neutron skin
increases correspondingly. The issue of isospin depen-
dence of the spin-orbit potential is, however, not quite
settled among the various theoretical approaches (relativ-
istic and nonrelativistic) [18], and it is at the center of
active experimental investigations in unstable nuclei.
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In the following we demonstrate that there is a direct
connection between the increase of the neutron-skin
thickness in neutron-rich nuclei, and the decrease of the
energy difference between the GTR and the IAS. The
calculation is performed in the framework of the fully
self-consistent RHB plus proton-neutron relativistic qua-
siparticle random-phase approximation (RQRPA) model.
The RHB model represents a relativistic extension of the
Hartree-Fock-Bogoliubov framework, and it provides a
unified description of particle-hole (ph) and particle-
particle (pp) correlations, which is essential for a quan-
titative analysis of ground-state properties and multipole
response of unstable, weakly bound nuclei far from the
line of S stability. Another relativistic model, the relativ-
istic random-phase approximation (RRPA), has been re-
cently employed in quantitative analyses of collective
excitations in nuclei. In Ref. [19] we have formulated
the RQRPA in the canonical single-nucleon basis of the
RHB model. By definition, the canonical basis diagonal-
izes the density matrix and it is always localized.
This particular representation of the RQRPA is very
convenient because, in order to describe transitions to
low-lying excited states in weakly bound nuclei, the
two-quasiparticle configuration space must include
states with both nucleons in the discrete bound levels,
states with one nucleon in a bound level and one nucleon
in the continuum, and also states with both nucleons
in the continuum. The RQRPA of Ref. [19] is fully
self-consistent. For the interaction in the particle-hole
channel effective Lagrangians with nonlinear meson
self-interactions are used, and pairing correlations are
described by the pairing part of the finite range Gogny
interaction. Both in the ph and pp channels, the same
interactions are used in the RHB equations that deter-
mine the canonical quasiparticle basis, and in the matrix
equations of the RQRPA. The RQRPA configuration space
includes also the Dirac sea of negative-energy states.

In the meson-exchange picture of nucleon-nucleon
forces it is the 77- and the p-meson exchange that generate
the spin-isospin dependent interaction terms. Even
though in the RMF description of the nuclear ground state
the direct one-pion contribution vanishes at the Hartree
level because of parity conservation, the pion neverthe-
less plays an important role for excitations that involve
spin degrees of freedom. Since it has a relatively small
mass, the pion mediates the effective nuclear interaction
over large distances. In the present relativistic description
of spin-flip and isospin-flip excitations we employ the 7-
and the p-meson exchange in the p — h residual interac-
tion of the proton-neutron RQRPA. The first RRPA
calculations of isobaric analog resonances and Gamow-
Teller resonances have been performed only recently [20].
This analysis was, however, restricted to doubly closed-
shell nuclei. A rather small configuration space was used
and, furthermore, configurations that include empty
states from the negative-energy Dirac sea were neglected.
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A more complete RRPA calculation of GT resonances in
doubly closed-shell nuclei was reported in Ref. [21]. The
ground states of ¥8Ca, %°Zr, and °®Pb were calculated in
the RMF model with the NL3 effective interaction. The
spin-isospin correlations in the RRPA calculation of the
GT response functions were induced by the isovector
mesons 7 and p. In addition to the standard nonlinear
NL3 effective interaction with the vector rho-nucleon
coupling, the effective Lagrangian included the pseudo-
vector pion-nucleon interaction, but not the rho-nucleon
tensor term. Although the pion does not contribute in the
RMF Hartree calculation of the ground state, it has a
pronounced effect on the spin-isospin excitations.
However, because of the derivative type of the pion-
nucleon coupling, it is also necessary to include a zero-
range Landau-Migdal term that accounts for the contact
part of the nucleon-nucleon interaction. The analysis of
Ref. [21] has shown that the RRPA calculation with the
NL3 effective interaction, the pseudovector pion-nucleon
coupling (m, = 138 MeV and f2 /47 = 0.08), and the
Landau-Migdal force with the strength parameter g, =
0.6 nicely reproduces the experimental excitation ener-
gies of the main components of the GT resonances in
48Ca, %97Zr, and 2°8Pb.

In the present analysis we extend the approach of
Ref. [21] and employ the self-consistent RHB plus pro-
ton-neutron RQRPA to calculate the GTR and IAS in the
Sn isotopic chain. The RMF effective interaction is NL3;
the pion-nucleon interaction Lagrangian reads

[

mq

L#N: - QZ")/S’Y/LBM%?I//’ (1)

and we also include the Landau-Migdal zero-range force
in the spin-isospin channel of the residual p — & inter-
action:

2
V.2 = gLz Va3 %0 - @)
m7T
With g, = 0.6 our model calculation reproduces the re-
sults of Ref. [21] for the GTR in doubly closed-shell
nuclei. For open-shell nuclei pairing correlations are de-
scribed by the pairing part of the finite range Gogny
interaction DI1S. As has been shown in the RHB +
RQRPA analysis of Ref. [19], the consistent inclusion of
the pairing interaction both in the static RHB and in the
dynamical linear response is essential in order to satisfy
the energy weighted sum rules and for the decoupling of
spurious modes. In the present calculation we neglect
possible proton-neutron pairing correlations. Even
though these correlations can contribute to the low-lying
GT strength responsible for 8 decay, their effect on the
main component of the GTR can be safely neglected.
In Fig. 1 we display the calculated differences between
the excitation energies of the main component of the
Gamow-Teller resonances and the respective isobaric

262502-3

3¥——7——7——T——T——T—"—T—"—7

3.0 S i -
L 140 - |

N L i

N 185 -

sl 11
116 120 124

E,pp (MeV)

1.0~ -8 RQRPA
¢ ®EXP

L | L 1 L | L | L | L | L | L
110 112 114 116 118 120 122 124 126
A

FIG. 1. RHB plus proton-neutron RQRPA results for the
energy spacings between the excitation energies of the main
component of the Gamow-Teller resonances and the respective
isobaric analog states for the sequence of even-even ''27124Sn
target nuclei. The experimental data are from Ref. [22]. In the
inset the calculated excitation energies of the isobaric analog
states are compared with data.

analog states for the sequence of even-even Sn target
nuclei with A = 112-124. The result of fully self-
consistent RHB plus proton-neutron RQRPA calculations
are shown in comparison with experimental data ob-
tained in a systematic study of the (PHe,f) charge-
exchange reaction over the entire range of stable Sn
isotopes [22]. The calculated energy spacings are in
very good agreement with the experimental values, and
this result clearly demonstrates that the relativistic mean-
field plus RPA framework provides a very natural descrip-
tion of nuclear spin and isospin excitations. For lighter Sn
isotopes it appears that the calculated values differ some-
what from the experimental trend but, of course, the
theoretical energy spacings might depend on the details
of the effective interaction. In fact, the experimental data
shown in Fig. 1 provide very valuable information that
can be used in constraining the spin-isospin channel of
the effective interaction. In order to illustrate the agree-
ment between the data and model results, in the inset of
Fig. 1 the calculated excitation energies of the isobaric
analog states are compared with experiment [22]. Except
for 12Sn, the agreement between data and the calculated
values of Ejg is better than = 0.5 MeV.

In Fig. 2 the calculated and experimental energy spac-
ings between the GTR and IAS are plotted as a function
of the calculated differences between the rms radii of the
neutron and proton density distributions of even-even Sn
isotopes (upper panel). The calculated radii correspond to
the RHB NL3 + DIS self-consistent ground-state solu-
tions, on which the proton-neutron RQRPA calculations
are performed. In the lower panel the calculated differ-
ences between neutron and proton rms radii are compared
with available experimental data [4]. In Fig. 2 we notice a
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FIG. 2. The proton-neutron RQRPA and experimental [22]
differences between the excitation energies of the GTR and [AS
as a function of the calculated differences between the rms
radii of the neutron and proton density distributions of
even-even Sn isotopes (upper panel). In the lower panel the
calculated differences r, — r, are compared with experimental
data [4].

remarkable uniform dependence of the energy spacings
between the GTR and IAS on the size of the neutron skin.
In principle, therefore, the value of r, — r, can be di-
rectly determined from the theoretical curve for a given
value of Egr — Ejas. This method is, of course, not
completely model independent, but it does not require
additional assumptions. Since the neutron-skin thickness
is determined in an indirect way from the measurement
of the GTR and IAS excitation energies in a sequence of
isotopes, in practical applications at least one point on the
theoretical curve should be checked against independent
dataonr, —r,.

In conclusion, we have employed the self-consistent
RHB plus proton-neutron relativistic QRPA to calculate
the spin-isospin excitations in a sequence of Sn isotopes.
By using the NL3 parameter set for the effective RMF
Lagrangian, the pairing part of the Gogny interaction
DIS for the T =1 pairing channel, the pseudovector
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pion-nucleon interaction and the Landau-Migdal zero-
range force with g, = 0.6 in the spin-isospin channel of
the residual p — h interaction of the proton-neutron
RQRPA, it has been possible to reproduce experimental
data on the excitation energies of the Gamow-Teller reso-
nances relative to the isobaric analog states. We have also
shown that the isotopic dependence of the energy spacings
between the GTR and IAS provides direct information on
the evolution of neutron-skin thickness along the Sn
isotopic chain. Very good results have been obtained in
comparison with available data on r, — r,. This analysis
suggests that the neutron-skin thickness can be deter-
mined from the measurement of the excitation energies
of the GTR relative to IAS.
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